Abstract Therapeutic application of stem cell derivatives requires large quantities of cells produced in defined media that cannot be produced via conventional adherent culture. We have applied human induced pluripotent stem (hiPS) cells expressing eGFP under control of the OCT4 promoter to establish the expansion of undifferentiated human embryonic stem (hES) and hiPS cells in suspension culture. A defined culture medium has been identified that results in up to six-fold increase in cell numbers within four days. Our culture system is based on initial single cell dissociation which is critical for standardized process inoculation. HES / hiPS cells were expanded for up to 17 passages. The cells maintained a stable karyotype, their expression of pluripotency markers and their potential to differentiate into derivatives of all three germ layers. The ability to expand HES / hiPS cells in a scalable suspension culture represents a critical step towards standardized production in stirred bioreactors.
Introduction
The recently demonstrated reprogramming of terminally differentiated human cells into "human induced pluripotent (hiPS) cells" Yu et al., 2007) was a major stimulus in stem cell research and eliminated two major obstacles to the clinical application of human embryonic stem (hES) cells -the ethically controversial destruction of human embryos and allogeneic immune rejection (Yamanaka, 2009 ). The production of large masses of pluripotent stem cells and their derivatives in defined media now represents one of the major hurdles to be overcome in developing cell-based therapies and assays for drug screening and pharmacology. In the laboratory, hES / hiPS cells are typically cultured as adherent colonies on mouse or human feeder cells (Yu et al., 2007) . It has been estimated that for clinical applications (e.g. heart repair after myocardial infarction or ß-cell replacement in diabetic patients) at least 10 9 cells, the equivalent of 500 10-cm tissue culture dishes, would be required (Zweigerdt, 2009) .
The development of defined, scalable, hES / hiPS cell culture conditions has been limited by i) the dependency on feeder cells and feeder cell derived factors, ii) the characteristic adherent growth in colonies and iii) low survival rates following enzymatic dissociation. While feeder-free culture conditions have been developed for the production of clinical-grade hES cells (Ludwig et al., 2006; Sato et al., 2004) , the scaling up of conventional adherent hES / hiPS cell culture systems for clinical application requires complex automation (Terstegge et al., 2007; Thomas et al., 2009) .
Clearly, the ability to expand undifferentiated hiPS and hES cells in suspension culture, avoids the limitations of adherent cell culture and represents an important step towards controlled bioprocessing and industrial manufacturing of these cells for clinical application and biopharmaceutical drug development.
Several groups have demonstrated the survival and expansion of hES cell derivatives in suspension culture; however, they focused on aspects of differentiation and not directly on the expansion of undifferentiated hES cells (Cameron et al., 2006; Dang et al., 2004; Fok and Zandstra, 2005; Watanabe et al., 2007; Yirme et al., 2008) . Methods based on culturing undifferentiated hES cells on microcarriers have also been reported (Oh et al., 2009; Phillips et al., 2008) , even though with significant limitations: i) the rate of cell expansion gradually decreases and cells could not be passaged more than six weeks (Phillips et al., 2008) ; ii) Matrigel (a heterogeneous protein mixture secreted by mouse tumor cells (Kleinman and Martin, 2005) ) is necessary to coat the microcarriers (Oh et al., 2009) ; and iii) microcarriers must be removed from clinical-grade cell preparations prior to application.
We have now developed a straightforward methodology for scalable expansion of undifferentiated human ES and iPS cells in suspension culture. This technology is based on an almost fully defined serum-free culture medium containing Rho-associated coiled-coil kinase (ROCK) inhibitor (RI) which prevents apoptosis following cell dissociation (Watanabe et al., 2007) and supports cell survival during the subsequent expansion of cell spheres. Our protocol comprises an initial single cell dissociation step, ultimately important for a controlled scale-up and automation. It was not necessary to pre-adapt (i.e. pre-select) cells prior to expansion culture and a stable karyotype was demonstrated. Expression of pluripotency markers and the potential for differentiation into derivatives of all three germ layers remains stable for at least 10 passages with a four to six-fold increase in cell number per passage.
Materials and Methods
Feeder-dependent adherent culture of undifferentiated hiPS, hES and cynomolgus monkey ES cells hiPS cells, HES-03 cells and MF12 cells were cultured and expanded under standard hES cell culture conditions (Haase et al., 2009 ).
Suspension cultures of undifferentiated human iPS and ES cells
For the initializing of suspension cultures, undifferentiated colonies were detached from feeder layer by collagenase IV (0.2%) (Invitrogen, Karlsruhe, Germany) and washed once with PBS without Ca 2+ /Mg 2+ . For single cell preparation, cells were resuspended in collagenase B solution (1 mg/ml) (Roche, Grenzach, Germany) and incubated for 15 min at 37°C. By gently shaking and resuspending aggregates, collapse and single cell solutions were achieved. Cells Figure 1 hiPS cell lines with OCT4-promoter dependent eGFP (OCT4eGFP) expression for direct monitoring of the cellular differentiation status. Colony of hiPSOCT4eGFP5 cells (A). Normalized expression levels of OCT4eGFP (B) and endogenous OCT4 (C) significantly decrease during the first 7 days of differentiation in embryoid bodies, as determined by real time PCR. In case of single cell differentiation, OCT4eGFP expression corresponds to expression of total (endogenous + transgenic) OCT4 as demonstrated by immunostaining on day 1 of differentiation (D). Scale bars: 100 µm.
were seeded onto 6 well suspension plates (Greiner, Frickenhausen, Germany) with a density of 0.3 × 10 5 cells/ ml.
Cultures were expanded in mTeSR™ 1 (Stem Cell Technologies, Vancouver, Canada) supplemented with RI (10 µM). mTeSR™ 1 is an almost fully defined serum-free culture medium consisting of a basic medium supplemented with a number of recombinant (bFGF, TGFß, Insulin) and nonrecombinant, but highly purified (bovine serum albumin, bovine holo-transferrin) protein factors. Every 4 days, aggregates were dissociated into single cells by collagenase B treatment.
Lentiviral transduction of human iPS cells and establishment of stable single cell clones
hiPS cell cultures were pre-treated with RI for 1 h at 37°C, detached from feeder layer using collagenase IV, washed once with PBS without Ca 2+ /Mg 2+ and incubated with TrypLE (Invitrogen). Cell suspensions were seeded onto 0.1% gelatine coated 24 well plates in culture medium supplemented with RI (10 µM). The resulting monolayer cultures were transduced with concentrated lentivirus suspension and 8 μg/ml polybrene. Used virus stocks of the lentiviral vector for the expression of eGFP under the control of the human OCT4 promotor were prepared as previously described (Wunderlich et al., 2008) . After 24 hours, cells were transferred back to fresh feeder cells. Single cell clones were established by FACS.
Flow cytometry
Single cell suspensions were prepared as described for suspension cultures. Cells were incubated in a 96 v-bottom plate with primary antibodies and corresponding isotype controls (Supplementary Table 1 ) for 30 min at 4°C. After washing, cells were Undifferentiated hiPS cells were seeded as single cell suspensions in 6 well plates (1 × 10 5 cells/3 ml/well) in: Knock Out DMEM with serum replacement (KO-SR) and 8 ng / ml bFGF, KO-SR with 100 ng/ml bFGF (KO-SR100), KO with fetal calf serum (KO-FCS), or mTeSR™ , without or supplemented with 10 µM ROCK inhibitor (RI). Cell survival 1 day after dissociation (A) and cell proliferation after 4 days (B), respectively, was determined by counting viable cells. Fast growing aggregates were observed in mTeSR+RI, only (C). Under these conditions, aggregates showed uniform OCT4eGFP expression (D). Scale bars: 200 µm. incubated with the corresponding secondary antibodies: Cy™3-labeled donkey anti-mouse IgG or donkey anti-mouse IgM (1:200; Jackson Immunoresearch Laboratories, Suffolk, UK) for 30 min at 4°C. The cells were analyzed using a FACSCalibur cell analyzer (BD Bioscience, Heidelberg, Germany). Data were further processed using WinMDI 2.9 software.
In vitro differentiation
Aggregates from suspension cultures (d4) were plated onto 0.1% gelatine coated 12 well plates in differentiation medium consisting of 80% IMDM (Invitrogen) supplemented with 20% fetal calf serum (FCS, HyClone, Logan, USA), 1 mM L-glutamine, 0.1 mM β-mercaptoethanol and 1% nonessential amino acid stock. For embryoid body (EB)-based differentiations, aggregates from suspension culture (d4) and cells from feeder cell-dependent adherent cultures, dispersed into small clumps, were transferred to ultra low attachment dishes (Corning, New York, USA) in differentiation medium for 7 days. Subsequently, EBs were plated onto gelatin coated culture dishes.
Teratoma formation
For teratoma formation, suspension cultures were resuspended in PBS/Matrigel (BD Bioscience) (1:1). Teratomas were induced by injection of the cell suspension into the renal capsule or hind limb muscle of scid/beige mice (Charles River Laboratories, Wilminton, USA). After 8-10 weeks, the animals were sacrificed. During all experiments the "Principles of laboratory animal care" (NIH publication No. 86-23, revised 1985) as well as the Animal Welfare Law of Lower Saxony were followed.
Analysis of mRNA expression by RT-PCR and quantitative real-time PCR
Total RNA was prepared using RNeasy Kit (Macherey-Nagel, Düren, Germany) and reverse transcribed with Superscript II (Invitrogen) using random primers according to manufacturer's instructions. RT-PCR and quantitative real time PCR (qPCR) were performed as described (Haase et al., 2009 ). Sequences and specifications of primers are shown in Supplementary Tables 2 & 3. Expression levels of target genes were normalized to β-actin and NUBP transcript levels, respectively. Data are given as mean ± SEM of normalized gene expression levels from three experiments.
The StellArray system (LONZA), a qPCR based assay in 96 well format was used for quantitative profiling of a set of 32 or 96 preselected genes related to pluripotency and differentiation. For comparison of the quantitative gene expression profiles of different cell types under different culture conditions, Ct values were plotted. The linear regression and the resulting correlation coefficient were calculated.
For detailed expression analysis of the individual genes, Ct values were analyzed by Global Pattern Recognition (GPR) data analysis tool (Bar Harbor Biotechnology, USA) which utilizes a global normalization algorithm in which the data of each analyzed gene is normalized to that of every other gene without dependence on single gene normalization (Akilesh et al., 2003) . Resulting fold changes of analyzed genes in suspension cultures compared to feeder-based adherent cultures are plotted, arranged in groups of fold changes above and below 3 and in pluripotency or differentiation associated genes. Included genes are listed in Supplementary  Table 4 .
Immunocytological staining
Immunostaining was performed as described in (Mauritz et al., 2008) . Primary antibodies used are listed in Supplementary Table 3 .
For preparation of cytospots, differentiated EBs (d21) were detached and dissociated into single cell solutions by collagenase B treatment. 100 µl with 20,000 cells were spotted for 15 min at 500 rpm. After immunostaining, troponin T pos cells versus DAPI (4_, 6_-diamidino-2-phenylindole) nuclei were counted to determine percentage of cardiomyocytes.
Karyotype analysis
After treatment of adherent hiPS cells for 30 minutes with colcemide (Invitrogen) at final concentrations of 0.025, 0.05 and 0.1 µg / ml, cells were dissociated with 0.83% Trypsin-EDTA (Invitrogen). After hypotonic treatment with 60 mM or 75 mM potassium chloride for 20 min at 37°C and cytogenetic cell preparation, G-banding was performed according to standard procedures. 5 cells/3 ml,d0) in mTeSR +RI (n = 3 for both cell types). Cell numbers were determined from d1 to d4 (A). Size of aggregates was determined from d1 to d4. Aggregate sizes distribution shows a shift from small aggregates b 50 µm to large aggregates N 100 µm during cultivation (B).
Statistical analysis
Results are reported as mean ± SEM. Values with p b 0.05 were considered to be statistically significant. ANOVA statistical analyses were performed with GraphPad Prism5.
Results
A human iPS reporter cell line with OCT4 promoter dependent eGFP expression as a tool for establishment of suspension culture technology OCT4 (POU5F1) is one of the most reliable markers indicating the undifferentiated state of pluripotent stem cells (Pan et al., 2002) , and reporter genes under control of the OCT4 promoter represent a valuable tool for monitoring the differentiation status of cultured cells (Gerrard et al., 2005) . We have constructed and utilized a lentiviral vector to generate transgenic hiPS lines that express eGFP under control of a human OCT4 promoter sequence (OCT4eGFP). Human iPS cells produced by lentiviral 4-factor (OCT4, SOX2, NANOG and LIN28) transduction of cord blood-derived endothelial cells (Haase et al., 2009) , were transduced with the lentiviral OCT4eGFP vector. Subsequent FACS sorting of eGFP pos iPS cells resulted in the establishment of three transgenic iPS reporter cell clones. Under conventional hES cell feeder cell-dependent adherent culture conditions, all three transgenic iPS cell lines formed colonies with hESlike morphology and showed OCT4eGFP expression (Fig. 1A) . FACS analysis demonstrated that the majority of the OCT4eGFP pos cells were also positive for the hES cell surface Figure 4 Prolonged expansion of hiPS cells in suspension culture beyond d4 leads to further increase in aggregate. The average aggregate size increases from 45 µm on d1 and 350 µm on d7 (A). Average cell numbers increase by a factor of 4.6 from d0 until d4 and a factor of 21.6 until d7 (B). After d5, growing aggregate size is associated with appearance of subtle morphological changes followed by first cystic structures indicating onset of differentiation (C). Scale bars: 200 µm. qPCR analysis showed similar expression of the included genes on d2, d4, d5 and d7 of cultures as shown in the scatterplots. The calculated linear regression coefficients of each pairing based on the raw Ct value of all 32 analyzed genes are depicted as an indicator for similarity of the compared cells on different days of culture (D). Included genes are listed in the materials and methods section. marker SSEA4 (data not shown). During EB-based differentiation, a significant down-regulation of both, OCT4eGFP, and endogenous OCT4 expression was observed between d0 and d7 as shown by qRT PCR (Figs. 1B & C) . The transgenic iPS cell clone used is a subclone of hCBiPS2, which shows residual expression of the OCT4 transgene used for lentiviral reprogramming as described in Haase et al. (2009) . To further investigate the extent to which expression of OCT4eGFP parallels total OCT4 (endogenous & transgene) expression during differentiation in individual cells a single cell differentiation approach was applied. As demonstrated by immunocytology, about 50% of cells in a monolayer of iPS derivatives on d1 of differentiation showed OCT4 expression (Fig. 1D) . Although eGFP and OCT4 proteins cannot be expected to show similar kinetics of cellular degradation, most of the OCT4 neg cells were also OCT4eGFP neg at this time point, indicating a good correlation between the kinetics of OCT4 and the OCT4-promoter-driven transgene. The overlays show that the OCT4 neg green fluorescent objects (mainly on the right hand side of the image) are also DAPI neg ; therefore, most likely representing autofluorescent dead cells or cytosomes after degradation of nuclear DNA (Gruh et al., 2006) . In contrast, some DAPI pos OCT4
pos OCT4eGFP neg cells can be seen on the right hand side, which may confirm the slightly differing expression kinetics of OCT4eGFP and endogenous OCT4 as determined by qPCR (Figs. 1B&C) .
HiPS and hES cells can be expanded in suspension culture after single cell dissociation
One of the transgenic OCT4eGFP hiPS clones was utilized to develop culture conditions supporting the proliferation of undifferentiated hiPS and hES cells in suspension culture. Since controlled scale-up and further automation in stirred bioreactor systems substantially rely on well defined starting conditions, suspension cultures were initiated by dissociation of undifferentiated hiPS cells into single cells.
Single cell dissociation of ES cells is typically achieved by trypsin treatment. However, in striking contrast to murine ES cells, very low proportions of hiPS and hES cells survive such treatment, and repeated trypsination typically selects for adapted cell clones with altered culture characteristics. We found that collagenase B digestion combined with gentle mechanical treatment leads to much higher survival rates and is also sufficient to obtain single cells ( Supplementary  Fig. 1 ).
Aiming at further reduction of cell death after single cell dissociation, we compared different culture media (KnockOut DMEM + 20% serum replacement (KO-SR) supplemented with 8 ng / ml bFGF, KO-SR with 100 ng / ml bFGF (KO-SR 100), KO + 20% FCS (KO-FCS) and mTeSR™ 1 medium, with respect to their ability to support single cell survival in suspension culture after collagenase B treatment. Whereas a maximum of 5.25 × 10 3 ± 0.25 × 10 3 viable cells / 3 ml were obtained 24 h after seeding 1 × 10 5 single hiPS cells in the KObased media, the use of mTeSR significantly increased the number of viable cells to 2.5 × 10 4 ± 1.7 × 10 3 / 3 ml ( Fig. 2A) . Cell survival after single cell dissociation could be further increased by the addition of 10 µM of RI (Watanabe et al., 2007) . For all media, supplementation with RI resulted in significantly higher survival rates after 24 h compared to the corresponding controls. The survival rates after 24 h in the KO-based media approached 24 ± 6.4% in KO-SR 100+RI, whereas 49 ± 13.6% survival for hiPS cells ( Fig. 2A) and a 72 ± 11%, survival rate for ES cells (data not shown) were observed in mTeSR+RI.
As a next step, we investigated the effect of these media on cell survival and proliferation after 96 h in suspension culture. Without RI, neither the KO-based media nor mTeSRTM was able to support cell survival and proliferation in suspension culture over four days. However, the KO-based media supplemented with RI resulted in a 1.4 fold (KO-SR), 1.2 fold (KO-SR 100) and 1.7 fold (KO-FCS) increase in cell numbers. Since KO-FCS, unlike both of the other KO media, resulted in cell attachment even in suspension culture dishes, KO-FCS was excluded from further analyses. Best results after 96 h were obtained with mTeSR+RI. Despite significant initial cell death after single cell dissociation, an overall 4-6 fold increase in cell number was achieved for hiPS (4.68 × 10 5 ± 1.58 × 10 5 cells / 3 ml, Fig. 2B ) and hES cells (6.3 × 10 5 ± 0.75 × 10 5 cells / 3 ml, data not shown). Fast growing aggregates were observed in mTeSR+RI, only. Formation of these aggregates from single cells was observed 24 hours after inoculation, and aggregates increased considerably in size during culture (Fig. 2C) . Notably, in the case of the OCT4eGFP transgenic hiPS clone, even on d4 of suspension culture, all aggregates expressed OCT4eGFP (Fig. 2D) suggesting an undifferentiated state of the majority of hiPS cells within the aggregates. Based on these results, TeSR+RI was used for further cultivation experiments.
As a next step, the growth kinetics of hiPS and hES cells were determined over 4 days of suspension culture by daily cell counting. After the initial dissociation-related cell death, a continuous significant increase in cell numbers was observed between d1 and d4 (Fig. 3A) . Starting from single cell suspensions on d0, small hiPS and hES aggregates became visible on d1, which increased continuously in diameter resulting in rather regular spheres with an average diameter of ∼250 µm on d4 (Figs. 2D & 3B) . hiPS cells in floating aggregates continue to proliferate in static cultures beyond d4, but start to differentiate Expansion of undifferentiated hiPS and hES cells within continuously growing spheres can be expected to be limited by the size of aggregates, the nutrient supply and by the accumulation of toxic metabolites in static cultures. Aiming at the determination of the maximal expansion period of undifferentiated hiPS / hES cells in static culture without cell dissociation, we continued suspension culture of hiPS cells until d7. Propagation beyond day 4 led to a further increase in aggregate size (Fig. 4A) with an overall 21,6 fold increase from d0 to d7 (Fig. 4B) , demonstrating that aggregate size is not a limiting factor for cell proliferation at this point in static cultures. Interestingly, subtle morphological changes in the aggregates appeared on d5. With increasing size, the spheres lost their uniform appearance and became more heterogenous (Fig. 4C) . To further investigate if these morphological changes indicate starting differentiation a qPCR based assay, Stellarray™, for assessment of the expression of 32 genes associated with pluripotency or differentiation was applied to provide comparative expression profiles of d2, d4 ,d5 and d7 cultures. The linear regression coefficient of each pairing was calculated based on the raw Ct value of all 32 analyzed genes. Comparative gene expression analysis revealed overall similar expression levels of the analysed genes and especially no differences in the expression of the included genes between d2, d4, d5 and d7 of suspension culture. Summarizing comparative scatter plots are shown in Figure 4D . Although these data did not provide any evidence for early differentiation processes in cultures between d5 and d7, further expansion beyond d4 turned out to be problematic since dissociation of the aggregates into single cells became more difficult, most likely due to increasing amounts of extracellular matrix accumulated in the growing aggregates (data not shown). Thus, 4 days was defined as the optimal splitting interval for static suspension cultures.
Suspension cultures maintain their undifferentiated state
hiPS cells were maintained under the established conditions for more than 17 passages without detectable changes of growth characteristics or morphology ( Supplementary Fig. 3 ) After 20 (hiPS2) or 10 (HES-3) passages in suspension culture, no karyotypic changes were observed in either hiPS2 or HES-3 cells ( Supplementary Fig. 4) . FACS analysis and qPCR demonstrated the maintenance of the typical hES-cell-like expression pattern in hiPS and hES cells for up to 17 passages of suspension culture, with similar levels of NANOG, RONIN, OCT4, SSEA 4 and TRA 1-60 than in conventional hiPS cell feeder-dependent adherent cultures (Fig. 5A & Supplementary Fig. 5 ). In addition, undifferentiated hiPS and hES cells from suspension culture (P12) could be returned to conventional feeder-dependent adherent culture as aggregates. Nearly all aggregates formed colonies; the vast majority with the characteristic morphology of undifferentiated ES cells. Immunostaining of these colonies for SSEA-4, TRA1-60 and OCT4 revealed a typical hES-cell-like staining pattern ( Fig. 5B & Supplementary Fig. 6 ).
The qPCR based assay, Stellarray™, in this case for assessment of the expression of 96 preselected genes was applied to provide a more comprehensive expression profile of hiPS and hES cells under the different culture conditions. qPCR was favored over a conventional gene array since qPCR based assays enable more accurate quantification. Three different hiPS cell clones and one hES cell line, each grown in suspension culture and in conventional feeder-dependent adherent culture, were analyzed and compared among each other and to three different cord blood-derived endothelial cell isolations and adult fibroblasts. The linear regression coefficient of each pairing was calculated based on the raw Ct value of all 96 analyzed genes. In Figure 6A , the calculated linear regression coefficients, as indicator for similarity of the compared cell types under different culture conditions, are depicted. The bar graph in Figure 6B summarizes the data of Figure 6A highlighting that the highest degree of similarity was found among the different endothelial cell isolations (R 2 = 0.97), closely followed by different iPS clones compared among each other (R 2 = 0.85), and iPS versus ES cells (each under the same culture conditions, R 2 = 0.81). The similarity among individual pluripotent stem cell types under different culture conditions was slightly lower, (R 2 = 0.67). Minor changes in gene expression between FBAC and SUC (≤3) could be observed in the majority of genes with roughly equal numbers of up-and downregulated genes. Interestingly, among the 13 differentiation-associated genes that showed differences in gene expression N 3, there are 9 genes downregulated that are known as mesodermal or endodermal markers. 5 of these mesendodermal markers (which corresponds to 5,2% of the total genes) showed decreased gene expression of N factor 100 in SUC. Thus, downregulation of mesendodermal genes in SUC compared to FBAC contribute significantly to the observed overall differences in gene expression ( Supplementary Fig. 7A ).
As expected, cord blood-derived endothelial cells, as well as adult fibroblasts show a much lower degree of similarity with pluripotent iPS/ES cells (R 2 = 0.15 / R 2 = 0.10, Fig. 6B ). Scatter plots comparing two hiPS clones grown adherent on feeder cells, comparison of hES cells with one of the hiPS clones, comparison of three different iPS cell clones (hiPS1, hiPS2eGFP5, hiPS2) and one ES cell line HES-3 in suspension versus feeder-based adherent culture, and comparison of endothelial cells with ES/iPS cells in feeder-based adherent culture were included to further point out the high similarity of iPS/ES cells from suspension culture and iPS/ES cells from feeder-based adherent culture (Fig. 6C) . Underlying detailed expression analyses of the analyzed genes are available online ( Supplementary Fig. 8 ).
In vivo and in vitro differentiation potential of iPS/ES cells grown in suspension culture
Transplantation of hiPS and hES cells, grown for 10 passages in suspension culture, into immunodeficient SCID-beige mice resulted in formation of typical teratomas containing derivatives of all three germ layers (Fig. 7A) . No significant differences with respect to size and maturity of the teratoma Figure 7 hiPS & hES cells from suspension culture differentiate into ectodermal, endodermal, and mesodermal derivatives in vivo and in vitro, and comparable to pluripotent cells from feeder-based adherent culture. Injection of undifferentiated hiPS from feederbased adherent culture, and hiPS and hES cells after 10 passages of suspension culture, into SCID-beige mice led to teratoma formation containing derivatives of all three germ layers (A). Scale bars: 20, 50 or 100 µm as depicted. Immunostaining of hiPS derivatives on d21 of differentiation revealed expression of ectodermal, endodermal and mesodermal marker proteins (red, or green for NKX 2-5) (B). Nuclei are stained with DAPI (blue). Suitable isotype controls confirmed the specificity of the immunostaining (data not shown). Scale bars: 100 µm. Differentiation into cardiomyocytes was compared on a quantitative level by counting troponin T pos cells versus DAPI pos nuclei in cytospots on d12 of differentiation (C). Abbreviations: AFP, alpha-fetoprotein; FBAC, feeder-based adherent culture; SUC, suspension culture.
were observed between cells grown in suspension culture and cells grown in feeder-dependent adherent culture. The spontaneous differentiation capacity of hiPS cells (Fig. 7B & Supplementary Fig. 8 ), which were cultivated in suspension for 10 passages, was assessed by plating d4 aggregates onto gelatine coated dishes. After 10 days (Cytokeratin 18, alpha feto protein (AFP), SOX17, desmin) and 20 days (ß3-tubulin, sarcomeric actinin / NKX2-5) in culture, the cells were stained for markers of all three germ layers. Positive results were obtained for all markers tested (Fig. 7B) . Areas with spontaneously contracting myocytes were found from d14 (Supplementary movie). These data were supported by RT-PCR demonstrating the expression of additional markers in differentiated derivatives of hiPS cells grown for 10 passages in suspension culture (Supplementary Fig. 8 ). In addition, differentiation into cardiomyocytes was compared on a quantitative level by counting troponin T pos cells in cytospots: the proportion of troponin T pos cardiomyocytes formed from hiPS cells grown in suspension culture (1.64 ± 0.40%) was only slightly (but not significantly) lower than from hiPS cells grown under feeder-based adherent culture conditions (2 ± 0.73%) (Fig. 7C) , thereby confirming the maintenance of differentiation capacity in suspension culture.
In order to assess a broader applicability of our suspension culture technique, we have cultured MF12, a cynomolgus (Macaca fascicularis) ES cell line. Similar to human iPS/ES cells, continuously growing aggregates of MF12 ES cells were observed in mTeSR+RI ( Supplementary Fig. 9A ). Semiquantitative RT-PCR shows strong expression of OCT4 during continuous suspension cultures ( Supplementary Fig. 9B ) and transfer of aggregates back to feeder cells after 15 passages in suspension lead to colonies with undifferentiated morphology ( Supplementary Fig. 9C ). Differentiation of MF12 cells from the suspension culture system resulted in formation of derivates of different germ layers as shown by immunostainig for sarcomeric actinin, CD31 and ß3-tubulin ( Supplementary Fig. 9D ).
Finally, we performed pilot studies to demonstrate the general scalability of our suspension culture protocol. Cells from static suspension cultures were dissociated into single cells and incubated in agitated 125 ml Erlenmeyer flasks with a working volume of 25 ml. After 4 days of incubation at 50 rpm, aggregates showed a homogenous morphology comparable to aggregates from static cultures (Supplementary Fig. 10A ). After 4 days, a 4 fold increase in cell number was achieved in the dynamic system similar to 3 ml static cultures ( Supplementary Fig. 10B ). More than 90% of the cells were positive for SSEA4 as determined via FACS analysis ( Supplementary Fig. 10C ).
Discussion
Adherent culture on 2D plastic surfaces using feeder-free and xeno-free culture media is not practical for standardized production of the high numbers of pluripotent stem cells and their derivatives required for clinical applications. One problem associated with most feeder-free culture protocols is that they depend on an initial cell adaptation process (Bigdeli et al., 2008; Braam et al., 2008) . This is also true for the enzymatic dissociation techniques used to produce the defined single cell suspensions required for bioprocess control (Hasegawa et al., 2006) . This adaptation involves the death of a vast majority of cells, only clones with altered growth characteristics, perhaps due to epigenetic or genetic abnormalities (Hasegawa et al., 2006) , can be further expanded under the new conditions. Importantly, our new suspension culture protocol does not depend on the initial selection of rare cell clones. We can not completely prevent cell death after single cell dissociation, but approximately 50% of all cells survive in mTeSR+RI, an almost fully defined commercially available medium containing highly purified bovine serum albumin and holo-transferrin as its single animal-derived component. No karyotypic abnormalities have been detected after 20 passages in suspension culture and cells retained characteristics typical for undifferentiated ES cells including expression of pluripotency markers and the capacity to differentiate into derivatives of all three germ layers in vivo and in vitro. Notably, no differences in size or maturity of teratomas were observed. Immunostaining and RT-PCR yielded comparable results.
An anti-apoptotic effect of RI on hES cells after dissociation in suspensions has been demonstrated for differentiation into neural precursors (Watanabe et al., 2007) . Until recently, its applicability for expansion of undifferentiated hES cells, as well as the improved survival in mTeSR had not been reported. However, during preparation of this manuscript, Krawetz et al. published a protocol for expansion of hES cells in mTeSR and short term exposure to RI to prevent dissociation-related apoptosis (Krawetz et al., 2009) . Interestingly, the authors reported that continuous exposure of the applied ES cell line to RI inhibited cell growth, which is in contrast to our data demonstrating ongoing rapid cell growth during exposure in mTeSR+RI. At this point, it is not known whether slight differences in the protocols or degradation or adsorption of the RI over time in our cultures led to theses differing observations. In our hands, it is apparent that continuing presence of RI prevents apoptosis in cell aggregates up to 350 µm in diameter as seen in d7 suspension cultures (Figs. 4A&C) . Notably, our protocol enables the continuous formation of large and relatively regular spheres of pluripotent iPS/ES cells already on d4 of expansion culture (Figs. 2C&D, 3B and Supplementary Fig. 10A ). Although not analyzed in detail by Krawetz et al., formation of much more heterogeneous aggregates of similar average size took apparently more than 15 days in this study (Krawetz et al., 2009) . The basis for the above contrary findings is currently not clear and it remains to be shown whether the findings of Krawtez et al. apply for other iPS/ES cell lines than the one used.
Also in contrast to our data, Krawetz et al. observed a necessity for continuing presence of rapamycin to prevent differentiation and spontaneous dissociation of the growing aggregates (Krawetz et al., 2009) . Even without addition of rapamycin, we did not obtain evidence for gradual differentiation until d7 of suspension culture. Although subtle morphological changes could be observed in the cultures beyond day 4, no remarkable changes in the expression of the pluripotency and differentiation associated genes were observed between d2, d4, d5 and d7 of suspension cultures, indicating maintenance of an undifferentiated state on d4 and even until d7 of suspension culture ( Fig. 4D and Supplementary Fig. 2 ). Importantly, cell proliferation rates in our static suspension culture system (∼ 20fold in 6 days) are higher than in typical feeder-based cultures (∼ 5fold in 6 days) (Oh et al., 2009) or feeder-free adherent cultures (∼ 9fold in 6 days) (Watanabe et al., 2007) . Also, our proliferation rates are higher than demonstrated by Krawetz et al. (up to 12fold in 6 days) and higher than reported for static microcarrier suspension cultures as reported by Oh et al. (∼10fold) (Oh et al., 2009) . Theoretical calculation of the cell expansion rates yielded a final number of 2.2 × 10 11 cells after 10 passages (40 days) of suspension culture, which corresponds to a cell expansion by factor 7.3 × 10 6 . Slightly higher expansion rates (∼23fold in 6 days) than in our static suspension culture system were reported for stirred microcarrier cultures in spinner flasks (Oh et al., 2009) , only.
Conclusion
The successful utilization of our suspension culture protocol for three hiPS cell clones, one hES and one nonhuman primate ES cell line suggests a general applicability of this technique for ES and ES-like pluripotent stem cells. We observed comparable cell proliferation rates in suspension cultures and feeder-dependent adherent cultures with similar karyostability and maintenance of pluripotency. Pilot experiments in Erlenmeyer flasks demonstrated the general scalability of the culture protocol. Further significant improvements in the control of cell differentiation, vitality and yield can be expected through continuous culture in stirred bioreactor systems as opposed to current batch feeding. Our OCT4eGFP reporter line will be useful for further increases in the scale of production and for advancement toward the fully controlled continuous perfusion cultures required for future (pre)clinical mass production of hiPS cells and their differentiated progeny.
